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ASSOCIATIONS BETWEEN THE SPATIAL
DISTRIBUTION OF BONE DENSITY IN THE
VERTEBRA AND INTERVERTEBRAL DISC HEALTH
PAUL FEIN
ABSTRACT
The association between age-related vertebral fractures (VFx) and disc degeneration
(DD) is not clear, despite the high prevalence of both conditions. Load is transferred
to the vertebra by the adjacent intervertebral discs, and degenerative changes within
the disc alter how the net force is distributed over the interface between vertebra
and disc, known as the vertebral endplate (EP). The ability of the vertebra to resist
fracture depends not only on the magnitude of the net force, but also on the distribu-
tion. Multiple lines of evidence suggest that the ability of the vertebra to withstand
the distribution of applied force depends on the spatial distribution of bone mineral
density (BMD) within the vertebra. First, the strength and stiffness of a region of
bone in the vertebra are highly correlated with the BMD of that region. Second,
changes in the spatial distribution of regional BMD have been associated with aging
and DD. Thirdly, some of these observed changes have been replicated in computer
models bone adaption with in the presence of progressive DD, suggesting that bone
adaption is occurring in response to the altered force distribution associated with
DD, and that maladaptation could elevate the risk of fracture. Notably, the current
clinical method of identifying patients at risk of fracture is to use an average measure
of BMD for the entire vertebra. The lack of consideration of the spatial distribution
of BMD may explain why the clinical method used at present does not adequately
identify those at risk of fracture. The possible relationship among spatial distribution
vi
of BMD, DD, force distribution across the endplate, and vertebral strength suggests
that characterizing the spatial distribution of BMD within a vertebra could add to
the understanding of why some vertebra are more likely to fracture. This project
sought to determine if an association exists between the spatial distribution of verte-
bral BMD and disc health in order to provide an improved perspective of the clinical
sequelae of DD and to improve the ability of clinicians to identify those who would
benefit most from intervention.
This study found evidence that the distribution of bone in the vertebral body
and EP depend on the health of the adjacent disc. The distribution of pressure in
discs favors the anterior most portion of the disc in anteriorly flexed postures and
the density in the anterior most portion of the EP appears to respond to this shift,
suggesting that bone is adapting to loading patterns associated with certain postures
more than others. This study also found association between reduced regional disc
height and altered distribution of trabecular density which was positive in the nuclear
region and negative in the annular region. In some cases there was a lack of association
between disc height and density distribution that may indicate maladaptation and
thus increased risk of fracture. This study, being cross-sectional could not identify
whether the observed alterations in density and degeneration initiated in the vertebra
or the disc. However, this study contributes to the understanding of the relationship
between the distribution of vertebral density and the functional properties of the
adjacent disc that may ultimately improve the clinician’s ability to predict VFx.
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Chapter 1
Introduction
1.1 Motivation
Vertebral fracture (VFx) and disc degeneration (DD) are two conditions of the
aging spine. Both conditions are associated with back pain and decreased quality of
life [1, 2]. VFx is also associated with an increased risk of future fractures whether
in the spine or hip [3, 4]. VFx afflicts 12–25% of men and women over the age of 50
[5, 6]. Characteristics of DD are found in up to 69% of the population over 55, with
the incidence increasing with age [7]. The financial, personal, and societal burden of
VFx is expected to increase as the elderly population grows [8].
The cornerstone of clinical estimates of VFx risk is the measurement of average
BMD in the spine. Osteoporosis, or the loss of bone mass with age, is a disease
defined as leading to an increased risk of fracture [9]; however, the measurement of
bone mass alone has been shown to be insufficient at predicting those at high risk of
VFx without the use of high-risk screening [10].
Degeneration of the adjacent intervertebral discs (IVDs) has been suggested as a
risk factor for VFx, though disagreement exists as to its influence. Both positive [11]
and negative correlations [12] between VFx and DD have been observed. The health
of the adjacent IVD may play a role in VFx risk because the vertebra and IVD work
together as a major load-bearing unit in the spine: load is transferred from vertebra
to vertebra by the intervening disc and vice versa. Changes associated with DD may
alter how the net force is distributed over the interface between the vertebra and disc
1
2[13, 14], known as the vertebral endplate (EP). Conversely, changes in the EP may
influence the progression of DD by altering how nutrients are diffused [15].
The EP and vertebra must resist the forces they experience to prevent fracture.
There are multiple lines of evidence that point to the spatial distribution of bone
mineral density (BMD) within the vertebra as a critical feature defining the ability
to withstand the distribution of force. First, in compression tests of trabecular and
cortical bone, strength and stiffness were highly correlated to the measured BMD
within the tested region [16]. This correlation between bone mechanical properties
and BMD has also been shown in regions of trabecular bone from vertebrae [17].
Second, the ratio of BMD from the anterior to the posterior regions of a vertebra
(one aspect of the spatial distribution of BMD) is positively correlated to vertebral
strength [18]. It has been observed that the spatial distribution of BMD changes with
aging [19] and DD [20], as does the distribution of loading from the disc [13]. Third, in
computer models designed to investigate bone adaptation, where the distribution of
force the vertebra experiences was altered to match that associated with DD, changes
in the spatial distribution of BMD were observed that replicated the in vivo changes
in bone [21].
Maladaptation of the vertebra to the load it experiences could elevate the risk
of fracture [22]. By not considering adaptive changes and the spatial distribution of
BMD, vertebral strength is likely not adequately predicted. This may explain why
the clinical method used to identify vertebral fracture risk is insufficient [10]. Rela-
tionships likely exist among the spatial distribution of BMD, DD, force distribution
across the endplate, and vertebral strength. By altering the load that a vertebra expe-
riences, DD may play a role in the spatial distribution of BMD within a vertebra.
Characterizing the spatial distribution of BMD and the DD mediated changes therein,
could contribute to the identification of high-risk groups and therefore improve the
prediction of those in need of intervention for VFx risk.
3The overall goal of this project was to determine if an association exists between
the spatial distribution of BMD and disc health in order to provide an improved
perspective of the clinical sequelae of DD and to improve the ability of clinicians to
identify those at risk of fracture.
1.2 Specific Aims
1. Investigate the correspondence between the regional distribution of pressure
within the intervertebral disc and the regional distribution of density in the
adjacent vertebra at different stages of disc degeneration.
2. Identify spatial patterns of density within the vertebra and evaluate whether
these patterns are associated with the severity of disc degeneration.
1.3 Background
1.3.1 Anatomy of the Vertebra
The spine is a primary load bearing structure in the human body. The spine
has 33 bones, including 24 vertebra: seven cervical, twelve thoracic, and five lumbar;
there are five fused sacral segments, and four vestigial coccyx segments which are
variably fused (Figure 1·1). Each individual vertebra can be broken into two primary
regions, the vertebral body (VB) and the posterior elements (Figure 1·2). The VB is
composed of two primary types of bone; the trabecular is spongy in appearance and
is made of individual bony struts called trabeculae. The cavities between trabeculae
are filled with bone marrow, a type of fatty tissue. Surrounding the trabecular bone
is a thin layer of much denser, cortical bone called the cortical shell. The trabecular
region has a non-homogeneous distribution of density within it [19, 24]. The strength
of a given region is well correlated with its density [16, 17]. The posterior elements
are primarily cortical bone and contribute to load sharing throughout the spine via
4Figure 1·1: Three views of the human spine, from the anterior, lateral
and posterior perspectives, highlighting the natural curvature of the
spine. Each general region of the spine (cervical, thoracic, lumbar,
sacrum, coccyx) has been highlighted in a different color. (Image from
Mathis [23]).
the facet joints (FJs) in the posterior of the vertebra [25]. The FJs are synovial joints
lined with cartilage, made of an articular surface on two adjacent vertebra.
The EPs separate the VB from the IVD at both the superior and inferior bound-
aries (Figures 1·2 and 1·3). The EP is between 0.4 and 1mm thick (increasing with
decreasing level) [26–28]. Measurements of EP thickness must be performed with
high resolution computed tomography (CT) scans, or with destructive methods. The
structure is highly porous to allow diffusion into the avascular IVD and the vascular
network in the vertebra [29, 30]. The EP has to balance the diffusion requirements
with the need to resist the load applied through the IVD.
5Figure 1·2: The vertebral anatomy. Figure shows the primary com-
partments of a typical vertebra. Highlighted in red are the two primary
regions of the vertebra: the posterior elements, and the vertebral body
(VB). The VB is further broken down into the trabecular compartment
and the cortical shell. There is a superior and inferior endplate (EP)
at the interface between the VB and the adjacent intervertebral discs
(IVD). In the posterior elements, the facet joints are where adjacent
vertebra interface posteriorly. (Image from Mathis [23])
1.3.2 Anatomy of the Intervertebral Disc
In between each pair of vertebrae is an intervertebral disc (Figure 1·3). The
central portion of the disc is the nucleus pulposus (NP) which is surrounded by the
annulus fibrosus (AF). In a healthy IVD, the NP acts like a pressurized, fluid-filled
sac, distributing load across the adjacent EP. A very healthy IVD can be seen in
the image labeled grade 1 in Figure 1·4. One of the important proteins in the NP
is glycosaminoglycan (GAG). This protein is negatively charged, helping to keep the
water content high and thus maintaining the NP pressure. Both water and GAG
content decrease with degeneration [31]. The AF is made of repeating lamellae, or
sheets of collagen fibers lying in alternating directions.
6Figure 1·3: The intervertebral disc anatomy. Figure shows the com-
partments of an IVD: the annulus fibrosus (AF) and the nucleus pulpo-
sus (NP). The superior EP and the superior facet joints are also shown.
(Image from Gorman [32])
1.3.3 Assessment of Disc Degeneration
There are a number of schemes used to assess DD using various methodologies,
including gross morphology, histology, plain radiography, magnetic resonance imaging
(MRI), or CT. These schemes are poorly standardized in the literature [33]. Multiple
assessment schemes are included in this investigation to determine if one appears to
be representing the investigated phenomena better.
To grade with gross morphology, photographs are taken from sagittal views of a
dissected IVD. This is a destructive method, and therefore only available as a research
tool. Scoring according to this methodology was devised by Thompson et al. [34]
(Thompson scoring) and is well established. Thompson scores have been correlated
with GAG content [31] and are often used as the “gold standard” against which newer
schemes are compared. This scale ranges from 1–5 and is based on the assessment of
morphological features visible to the naked eye including the quality of the EP, the
7Figure 1·4: Atlas for macroscopic grading of disc degeneration accord-
ing to Thompson et al. [34]. (Image from Boos et al. [35])
AF, the NP, and the presence and severity of osteophytes (bony outgrowths from the
EP, Figure 1·4).
Another research-only scheme is histology. Histological analysis is a technique to
prepare micron-thin slices of tissue, which are stained to reveal their composition or
quality. Briefly, the process comprises fixing small sections with formaldehyde, which
are then set in paraffin for cutting, demineralized in a formic acid solution, cut,
deparaffinized in alcohols, then stained with various stains specific for visualization
of morphology or chemical content. These are finally mounted on a microscope slip
for observation. There are two validated grading systems for this modality in IVDs.
8Figure 1·5: Atlas for histological grading of disc degeneration accord-
ing to Rutges. Each image highlights a different aspect of the disc which
are assessed independently: A: Endplate, B: Morphology of the AF,
C: Boundary between AF and NP, D: Cellularity of the NP, E: Matrix
quality of the NP (HE), F: Staining quality of the NP matrix, G: Alter-
nate to F using different staining protocol. (Image from Rutges et al.
[36])
9The older was prepared by Boos et al. [35]. The authors hoped to create a practicable
and reliable system on which a new “gold standard” could be established. This is a
points-based system which requires assessing the IVD and neighboring endplates on
scales with maxima (higher indicating greater degradation) of 22 and 18 respectively.
The scale has many variables to assess, and requires skilled graders. Rutges et al. [36]
simplified the grading scheme to improve the accessibility of histology as a research
tool (Figure 1·5). This simplified system assesses the morphology of the IVD and EP
with six categories and has a maximum score of 12. The latter scale has been used
in this study.
Figure 1·6: Atlas for a common grading system used for the assess-
ment of lumbar disc degeneration with MRI. A-E correlated with
advancing degeneration. The reduced brightness in the NP region is
due to the progressive loss of water with degeneration. (Image from
Pfirrmann et al. [37])
MRI based scoring schemes may have the greatest potential to assess disc health.
They are non-invasive and available in vivo. Further, MRI signal intensity (specifically
T2 imaging) is well correlated with water and GAG content [38], which are good
indicators of disc health [31]; Pfirrmann et al. [37] used this modality to quantify
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disc health (Figure 1·6). MRI has also been used to assess changes in bone marrow
which occur in tandem with degenerating discs [39]. Termed Modic changes after the
author, these identify changes in the MRI signal intensity in the bone marrow (due
to changes in water content) adjacent to the degenerating discs. Unfortunately, MRIs
are the most cost-prohibitive of the methodologies and were not available for use in
this study.
Non-invasive methods available to this study are based on imaging from CT and
radiography. CT-based assessment schemes have not been regularly used in analysis
of DD due to the low attenuation (resulting from high water content and low mineral
content) of the tissue of interest. The apparent loss of disc integrity (ALDI) has been
recently developed to address the challenges of using CT imaging to qualitatively
evaluate non-mineralized tissue [24]. Grades are based primarily on the appearance
of the NP and AF and secondarily on the presence or absence of osteophytes. The
images in Figure 1·7 are created from transverse CT slices, photographs and histology
used for confirmation of the NP boundary. CT images are also used to assess the
degree of facet joint osteoarthritis (FJOA). FJOA is a progressive loss of joint space,
hypertrophy of bone outside the joint space leading to osteophytes, and sclerosis (or
increased density) in the subchondral bone (bone immediately under the cartilage).
FJOA is scored on a scale of 0 (none) to 3 (severe) [40] (Figure 1·8).
Due to the low cost of developing a radiograph compared to acquiring CTs or
MRIs, radiography has been used extensively in the literature as well as in regular
clinical use. The most common grading system based on this modality is Lane scoring
[41]. The system relies on the visualization of gross features observable in a radio-
graph. These are disc space narrowing (DSN) ranging from none (grade 0) to severe
or complete loss (grade 3), and the presence and size of osteophytes. Each element of
disc degeneration, or morphological feature, is assigned a grade independently. This
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Figure 1·7: Atlas for the ALDI scoring system: shown at the left in
each of the three rows is a transverse CT slice of the IVD. The ALDI
score is shown at the top left, and below the image is a description
of the features of the appearance of the IVD in the CT image that
merit that score. Shown at the top and bottom right in each row are
a corresponding optical image and histological section respectively, of
a sagittal cross section of the IVD used for validation. (Image and
caption from Hussein et al. [24])
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Figure 1·8: Atlas for scoring Facet joints for osteoarthritis (FJOA)
from CT scans: Columns are progressively worsening FJOA and rows
are different examples of the same grade. Grade 1, no osteoarthri-
tis: no joint space narrowing (JSN), no sclerosis, and no osteophytes
(OPH). Grade 2, mild osteoarthritis: JSN (white arrows), sclerosis
(white arrowheads), and facet hypertrophy (small outgrowths, black
arrowheads). Grade 3, moderate osteoarthritis: JSN, OPH (black
arrows), facet hypertrophy (black arrowheads) and subchondral cysts
(white arrows). Grade 4, severe osteoarthritis: Advanced JSN, large
osteophytes, facet hypertrophy, and subchondral cysts. (Image and
adapted caption from Kalichman et al. [40])
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system is also used to grade the individual features of DD such as DSN [24] (Figure
1·9). DSN (also referred to as disc height narrowing (DHN)) is the progressive loss
of disc space as degeneration progresses, representing the breakdown of the IVD.
Figure 1·9: Atlas for scoring disc space narrowing. From left to right:
mild, moderated and severe DSN are demonstrated in the central disc
of each image. (Image from Lane et al. [41])
1.3.4 Spinal Loading
Load is distributed through the spine, from vertebra to vertebra, by the IVD and
the FJs. The spine can be described as a system of pillars, composed of a major pillar
anteriorly, including the VBs and IVDs, and a minor pillar posteriorly composed of
the FJs (Figure 1·10A). The interaction between adjacent vertebra can be described
as a lever system (Figure 1·10B). Most of the load is transferred in the major pillar
through the IVD, though as compression increases, the vertebra has a fulcrum at the
FJs causing some load to be transferred by the ligaments and muscles of the posterior
elements. Load is also transferred in the minor pillar through the FJs [32]. It has
been observed that the share of load borne by each pillar changes with DD. In a
study of the lumbar spine, the distribution of load shifted away from the anterior of
the major pillar, to the minor pillar with DD [13, 25] (Figure 1·11).
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A B
Figure 1·10: A:The spine idealized as a system of pillars. The ante-
rior major pillar includes the vertebral bodies and intervertebral discs,
and the posterior minor pillars are composed of the facet joints. B: The
interaction of two vertebra idealized as a system of levers wherein ante-
rior load is absorbed through the disc and posterior load is transferred
through the facet joints. (Images from Gorman [32])
1.3.5 Functional Representation of the Intervertebral Disc
In this study, the functional measures of IVD health are the intradiscal pressure
measurements collected ex vivo. Disc pressure has been measured in vivo [45, 46],
though this is a very invasive procedure and can only collect pressure at a single
location within the disc. To overcome the limitation of only having a single measure
of pressure, IVD pressure profilometry was developed [47], wherein the distribution
of pressure across the entire mid-sagittal plane can be collected under various sim-
ulated postures. This technique has been used to identify changes in the typical
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Figure 1·11: Load transfer in the vertebra with non-degenerated and
degenerated discs. Showing how, with degeneration, the load in a lum-
bar vertebra shifts from the major pillar to the minor pillar. (Image
adapted from Pollintine et al. [13])
Figure 1·12: Under compression, the NP has a tendency to exude
its water content. However the highly negative, fixed-charge density of
GAG makes the healthy disc hydrophilic, and helps to retain water and
increase the pressure. (Image from Adams and Roughley [15])
pressure profile of healthy and degenerated IVDs as scored by destructive methods
[13, 48], though there have been no studies linking pressure changes to measurements
of degeneration available in vivo. Few other representations of how well an IVD dis-
tributes load are available. The IVD protein GAG increases the osmotic pressure
within an IVD by increasing the negative fixed-charge density (FCD). The FCD con-
tributes to the drawing of water into the IVD [49] as well as preventing the loss of
water under compression (Figure 1·12) and therefore contributes to the maintenance
of hydrostatic pressure. For this reason the restoration of GAG content has been one
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A B
Figure 1·13: A:Patterns of trabecular adaptation in the femur. Red
lines represent the typical compression experienced by the femur, and
trabeculae have apparently aligned with the loads. (Image adapted
from Truong et al. [42]). B:Bone adapts to the daily stresses it expe-
riences. When stimuli are reduced, bone is resorbed, and when stimuli
increase, new bone is created to maintain constant experienced stress.
(Image adapted from Hernandez et al. [43] and Frost [44])
major goal of disc repair research [50]. GAG content cannot be measured directly in
vivo, however MRI signal intensity is correlated with GAG content [51] and newer
MRI techniques have shown promise for investigators by correlating MRI intensity
with residual stresses in the IVD [52]. However, as MRI is not routinely available,
understanding how routine clinical assessments of DD correlate with IVD function is
important to investigate.
1.3.6 Bone Adaptation
The theory that load bearing bones adapt to daily stresses was first described in
1892, and is commonly referred to “Wolff’s Law”. This theory was refined by Frost
[53] as the Mechanostat theory. The impact of bone adaptation to daily load can be
seen most easily in the femur. The principal compression the femur experiences is
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through the hip joint and clear lines of trabeculae can be typically seen in line with
the compression (Figure 1·13A).
Bone is constantly remodeling, balancing the resorption of older bone with the
creation of new bone to maintain homeostasis. The Mechanostat theory states that
the rate of resorption and new bone creation adjusts according to the experienced
stress. If the stress stimulus is reduced (due to weight loss, or biomechanical changes
such as DD) the disuse window is entered and bone has a net resorption until previous
levels of stress are achieved. If the stimulus is increased the overload window is entered
and new bone is created (Figure 1·13B).
1.3.7 Measuring Bone Mineral Density
X-ray based technologies such as CT and radiography can be used to calculate
BMD. The measurement is completed by converting from Hounsfield Units (HU),
which represent the intensity of pixels in the output image, to mg hydroxyapatite per
cubic centimeter (mgHA/cc) using a calibration phantom included in the scanning
field (Figure 1·14). The intensity value within each phantom region is used as the
basis of a linear fit equation, with which HU can be converted confidently to density
across the set of patient scans.
1.4 Summary
The vertebra and disc work together in an integral way. There is evidence that
as disc degeneration progresses, the relationship between the two primary structures
of the spine changes. The theory that bone adapts to changes in loading patterns
suggests that the two structures will alter in tandem. If the changes occur together
in a well-adapted manner, then the risk of VFx may be lower; conversely, if the there
is a maladaptation between the changes in the disc and changes in the vertebra, than
the risk of VFx may increase.
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Figure 1·14: A transverse view of a vertebra with calibration phan-
tom included in the scanning field. Hounsfield units (pixel intensity)
are converted to mgHA/cc using a linear interpolation from the phan-
tom. The three regions of the phantom at the bottom of the figure
were manually identified and the mean value within the circles used to
complete the linear fit.
Chapter 2
Dependence of Regional Variations in
Vertebral Density and Intervertebral Disc
Pressure on Disc Degeneration
2.1 Introduction
Disc degeneration (DD) is associated with back pain [1] and occurs in up to 69%
of the population over 55, with the incidence increasing with age [7]. Conflicting
reports exist as to whether disc space narrowing (DSN), one feature of DD, is a risk
factor for or protective against VFx [11, 12]. The intervertebral disc (IVD) and its
adjacent vertebra are a major load-bearing unit in the spine, and DD can thus alter
how forces are transmitted to the vertebra. Vertebral loading may be able to be
inferred from measurements of intradiscal pressure [54], and DD involves changes to
the spatial distribution of that pressure (pressure profile) within the IVD [48]. If the
pressure profile is representative of the in vivo loading a vertebra experiences, a well-
functioning system should exhibit evidence of an adaptive response in the distribution
of density to the load. If the distribution of loading is not matched to the distribution
of density within the vertebra, representing a maladaptation, then risk of fracture may
be greater [22]. Therefore the interplay between alterations to vertebral density and
DD is an important area of investigation.
The distributions of density within the vertebra and pressure within the disc are
non-homogeneous [47, 55]. The distribution of pressure within degenerated lumbar
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discs differs from the healthy state [48]. The pressure profile shifts the majority of
loading away from the anterior most region of the disc, and this shift might stress-
shield the anterior region of the vertebra and increase the risk of VFx through the
effects of bone resorption [13] if the bone is subjected to higher loads [56]. These
DD-mediated changes have been shown to affect the distribution of load across the
EP in computer models [21] and theories of bone adaptation [44] suggest that the
observed anterior stress shielding would cause concurrent bone loss anteriorly. How-
ever, measurements of trabecular micro-structure in this region have not supported
this hypothesis [57]. With advancing degeneration, the trabecular struts in the cen-
tral most area of the trabecular centrum thin (the area farthest from the cortical
shell), and the inferior-anterior most area gains in density [58]. Computer models
designed to replicate the change in applied force with DD showed changes in the spa-
tial distribution of BMD that replicated those seen in vivo [21]. One study has found
that EP porosity and thickness correspond to alterations in pressure in the neutral
posture [28], though did not investigate clinically feasible measures of density such as
those available in lower resolution computed tomography (CT) scans, or assess the
dependence of their observations with non-invasive, clinically available measures of
DD, which this study has sought to do.
The overall goal of this investigation was to assess the correspondence between
IVD pressure and bone density in the adjacent vertebra at different stages of DD.
The specific objectives were 1) to assess the extent to which the distribution of IVD
pressure is correlated with that of bone density in the adjacent EP using CT scans;
and 2) to determine the regional dependence of IVD pressure and density of the
adjacent EP on both clinically and non-clinically available measures of DD.
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2.2 Methods
2.2.1 Data Collection
Measurement of density
Sixty-one functional spine units (FSUs; ten T9–T11, 19 T10–T12, and 32 T7–T9)
from 42 donors (age: 35–91 years; mean ± stdev: 71 ± 14 years; 23 males, 19 females)
were imaged with CT (LightSpeed CT, GE Healthcare, Cleveland, OH) at in-plane
resolutions of either 0.3125x0.3125x0.625 or 0.3906x0.3906x0.625 mm/voxel. Image
stacks were interpolated in the third dimension to produce isotropic voxels and rotated
in the sagittal plane to make the EPs approximately horizontal. All interpolations
were made in Matlab (Mathworks, Natick MA) using the bi-cubic method, which is
considered to have the best accuracy for computational cost trade-off [59, 60].
The strength of vertebral EPs can be measured directly using indentation tech-
niques [61, 62]. These tests have shown that the material properties of the EPs exhibit
a strong spatial dependence and may be a reflection of the loading history of a joint
due to bone adaptation. However, direct measurements of strength are not possible in
non-destructive assessments. Alternatively, Mu¨ller-Gerbl et al. [63] have proposed the
use of a projection of the brightest pixels within a joint surface as a reflection of the
loading history of a joint (the maximal intensity projection or MIP). This technique
has been applied to the complex geometry of joints such as knees and shoulders [63],
as well as cervical vertebra [64]. In the latter study the distribution of the structural
parameters of the endplate (represented by MIP) showed a high correlation with the
distribution of thickness [64] which has been suggested to be reflective of long-term
loading [28, 65]. Therefore MIP may also be reflective of the long-term loading his-
tory. MIP is advantageous over thickness as it can be collected non-destructively or
without increased CT resolution.
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To analyze the distribution of density within the vertebra, a number of measures
describing the density were collected along 3mm-wide, mid-sagittal sections (Figure
2·1). Each EP was classified as superior or inferior to their respective vertebra and
analyzed separately. The first measure was the density of the EP to a 2mm depth
(2mm EP). Second, the density of the EP plus 5mm of adjacent trabecular bone (EP +
adj), this measure was not available in the inferior EP of the cranial most vertebra and
the superior EP of the caudal most vertebra in fourteen of the sixty-one specimens.
Third, a MIP was created over the range that represented the entire EP. The density
of the central, full vertebral body from the superior to inferior EP (full VB) along
the mid-sagittal plane was also collected (Figure 2·1). Three more representations
of the EP were created from the EP measures by clipping 3mm from the anterior
and posterior ends representing the cortical shell to allow for analysis of the EP over
the trabecular region alone. Osteophytes, or bony outgrowths of the vertebra which
typically occur near the EPs were excluded from the preceding measures. Lastly,
an integral density (In.BMD) was collected of the entire central vertebral body (not
restricted to the mid-sagittal plane), exclusive of posterior elements. All measures
were converted from Hounsfield (HU) units to mgHA/cc using a linear interpolation
from phantoms included in the CT images.
To analyze the regional variations in density within-subjects, each of the previously
described variables was divided into three regions representing the anterior annulus
fibrosus (aAF), the nucleus pulposus (NP), and the posterior annulus fibrosus (pAF);
the mean of each measure was calculated within each region. These regions were
determined using a modification of the algorithm created by Adams et al. [48]. This
algorithm gives the width of each region as a percentage of the full sagittal width of
the disk using the age of the donor, the spinal level, and DD score as inputs. The
algorithm was modified for use in this study accommodate the thoracic spine vs the
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lumbar, as well as the ALDI grading scheme as opposed to the Thompson. Once
the percent width of each region was determined for all specimens, the mean width
of the three regions with one half of a standard deviation removed from the internal
boundaries (ie: between the NP and annulus regions) was used as a standardized size
for all specimens regardless of age, level, and DD. The margin between the regions
was not included due to uncertainties in defining the transition between the region
(Figure 2·1).
Measurement of pressure within IVDs
In a subset of 26 from the 61 FSUs, (eight T9–T11 and 18 T10–T12 from 26
donors aged 35-86 years; mean ± stdev: 68 ± 16 years; 16 male, 10 female) the pres-
sure distributions within IVDs were measured as a representation of the load which
is transferred from vertebra to vertebra through the IVD. This has been described
previously [66]. Specimens from this pressure profile subgroup were dissected from
fresh-frozen human spines. The cranial and caudal most vertebra were potted in
polymethyl methacrylate. The posterior elements were not fixed allowing for a more
physiologic transfer of load throughout the segment via the facet joint. Prior to test-
ing, specimens were subjected to a 300 kN load to avoid post-mortem super-hydration.
Specimens were then subjected to 500 kN under one of two loading conditions: axial
compression (n=12), or axial compression combined with 5◦ anterior flexion (n=14)
simulating either the erect or anteriorly-flexed posture respectively (pressure collected
by Alexander DelMonaco and Dr. Tim Jackman). Pressure was collected by insert-
ing a pressure transducer through the mid-sagittal plane of each IVD, and sampling
pressure and position at a frequency of 1 kHz. The resulting pressure profiles were
clipped by 3mm on the posterior and anterior ends representing the region where
the pressure transducer was potentially recording ambient pressure along with disc
pressure. These profiles were divided regionally in the same manner as the vertebral
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measurements (Figure 2·1). To allow for comparison between-subjects, the pressure
in each disc was scaled by its cross-sectional area (units: kPa*m2).
2.2.2 Glycosmanioglycan (GAG) Content
Glycosaminoglycan content (GAG content) and percent water weight (% water)
were collected for the NP region of the pressure group. The 5mm-wide mid-sagittal
plane was removed from each specimen during the process of preparing histological
sections. From the immediately- adjacent, remaining sagittal section approximately
30mg plugs were removed from the NP. These were promptly frozen in a minus 80◦C
freezer. Frozen plugs were placed in a freeze dryer overnight to obtain the % water
and the dry weight (dw) of the specimen. The Blyscan GAG Assay kit (Biocolor,
Newtonabbey, Northern Ireland) was used to determine the total GAG content as
µg GAG per mg of dw tissue (µg/mg dw) based on 1,9-dimethylmethylene blue dye
binding, with standards provided by the manufacturer. Briefly, plugs were digested in
a papain extraction reagent in a 65◦C water bath. After centrifuging the digest, the
supernatant was mixed with the Blyscan dye reagent. The dye binds with the GAG
in suspension and is collected via centrifugation. A dissociation reagent releases the
the bound GAG, and the absorbance of 656nm light of this final solution is compared
against a standard curve using GAG standards provided by Blyscan, and prepared
freshly.
2.2.3 Assessment of Disc Degeneration
Four different methods of disc grading were used in this study to evaluate whether
any particular measure of DD is better associated with the functional properties of
the IVD and whether this was reflected in the adaptation of neighboring vertebral
bodies. These schemes were: the apparent loss of disc integrity (ALDI) [24], Thomp-
son [34], disc space narrowing (DSN) [41], and Rutges [36]. ALDI is a CT based
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Figure 2·1: A mid-sagittal view of a functional spine unit, comprising
three vertebra (most cranial and caudal are partial), and the interstitial
IVDs. Yellow line is the profile of IVD pressure for a typical specimen
in the flexed posture. Density ranges are defined by the EP contours
(red lines), and the MIP projection ranges are straight transverse lines
inclusive of the entire EP (dashed lines). The vertebral regions are
defined in shaded boxes. Each range is repeated on all available EPs.
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grading system ranging from 0 (no degeneration) to 3 (severe degeneration) using
transverse CT images where discs are scored primarily on the demarcation of the
nucleus and secondarily on the appearance of fissures and osteophytes; ALDI grading
was completed by a senior member of the lab. In this study the Thompson grade
was compressed from the typical 1–5 such that Thompson grades 1 and 2 were con-
sidered healthy, grades of 3 were considered intermediately degenerated, and 4 and
5 were considered severely degenerated corresponding to a Thompson compressed
grade (hereon referred to simply as Thompson) of 1, 2, and 3 respectively. Thompson
scoring was completed by two readers, and final grades were compared and adjusted
to complete agreement. Disc space narrowing was graded by a trained radiologist on
a scale of 0 (no narrowing) to 3 (severe narrowing). Due to low numbers in the higher
grades this system was binarized as the absence or presence (hereon referred to as
DSN) with grades of 0 or 1 respectively. For the pressure profile subgroup, histology
sections were prepared and graded according to the scale developed by Rutges et al.
[36]. This system uses five categories independently graded on a scale of 0–2 with
a possible total grade range of 0–12. Due to the small population in the pressure
profile subgroup, this grade was compressed into thirds. Grades 0–4 were considered
healthy, grades 5–8 were considered intermediately degenerated, grades 9–12 were
considered severely degenerated, and given grades of 1, 2, or 3 respectively. Rutges
scoring was completed by two readers, and final grades were compared and adjusted
to complete agreement. The DD grading schemes are summarized in Table 2.1, with
images of the modalities demonstrated in Figure 2·2. Specimens were also graded by
a radiologist (Dr. Ali Guermazi) for evidence of facet joint osteoarthritis (FJOA),
or the narrowing of the facet joint space. Not all specimens were able to be graded.
Three discs were damaged during dissection and could not be graded for Thompson
(total n = 119 discs), and three discs from the pressure subset were not able to be
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Figure 2·2: Representative images of the modalities used for the four
DD assessment schemes.
graded for Rutges (total n = 49). Two specimens did not have the posterior elements
and could not be graded for FJOA (n = 120). All discs were scored by ALDI and
DSN (n = 122).
2.2.4 Statistical Analysis
Distribution of density
An initial investigation into the overall regional differences was completed irre-
spective of DD using paired t-tests on each combination of region. In order to test
the dependence of inter-specimen differences in average mid-sagittal densities, as well
as regional measures of mid-sagittal density on DD, a repeated-measures analysis of
variance (ANOVA) with DD as the independent variable and region as the within-
subjects factor was carried out for each combination of density variable and DD
grading system. Using this method the dependence between-subjects of the average
mid-sagittal density as well as the within-subject, regional dependence of density on
DD was analyzed. Superior and inferior EPs were analyzed separately. Significance
was accepted for p<0.05, and trends for p<0.07. For regional differences within-
subjects that depended on DD, paired t-tests were performed post-hoc. Significance
was accepted using a Bonferroni correction with p<(0.05/levels of DD), and consid-
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ered trends for p<0.05. All analysis was completed using the JMP statistical-analysis
program (JMP 11.2, SAS Institute Inc., Cary, NC).
Distribution of pressure
Due to a small number of specimens in each loading condition, all discs were
pooled within loading condition during analysis. The analysis described for density
was repeated here. However, due to the pressure data not following a normal distri-
bution, the non-parametric Wilcoxon Signed Rank test was used for post-hoc tests.
Further, to allow for the comparison between specimens, pressure measurements were
normalized by the cross-sectional area of the respective IVD.
Correlation of IVD pressure with bone density
In order to test the correlation of IVD pressure and BMD, non-parametric, Spear-
man’s ρ correlations were used. The correlation was assessed between IVD pressure
and all four measures of density within specimens and regions.
Reliance of chemical composition on DD
To assess the dependence of GAG and water content on DD, the non-parametric
Wilcoxon Rank Sum test was used.
2.3 Results
MIP
Irrespective of DD, the regional values of MIP differed from each other (p<0.0195).
In both EP types, MIP in the NP was lower than that in the aAF and pAF (p<0.0001).
However the MIP in the pAF was lower than that in the aAF of inferior EPs (p=0.014)
and conversely, the MIP in the pAF was higher than that in the aAF of superior EPs
(p=0.0003) (Figure 2·3).
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Figure 2·3: MIP by region, and EP type irrespective of DD. Error
bars are standard deviation.
The MIP density varied regionally depending on ALDI in the superior EPs only
(p=0.0237). The MIP in the NP region was significantly lower than that in the
aAF adjacent to the more degenerated discs (ALDI 1 and 2) but not adjacent the
healthy (p=0.0015). The pAF MIP was greater than the aAF MIP only adjacent the
healthiest discs (p=0.0493)(Figure 2·4).
The MIP density also varied regionally, dependent on Thompson in both the
inferior (p=0.0288) and the superior EPs (p=0.0676, trending). In the inferior EPs,
the MIP in the pAF was not different than the aAF adjacent Thompson 1 and 2 discs,
but the MIP in the pAF was lower than that in the aAF next to the most degenerated
discs (p=0.0001). In superior EPs, the MIP in the pAF was greater than that in the
aAF adjacent Thompson 1 and 2 discs (p<0.0006), and not different adjacent the
most degenerated. Also, in the superior EPs the NP MIP was lower than that in
the aAF adjacent the less healthy discs (Thompson 2 and 3, p<0.0003) (Figure 2·5)
which was consistent with the ALDI observation. There is an apparent trend that
MIP increased in the aAF with degeneration in both EP types.
The MIP variable did not vary based on DSN (p>0.137) nor Rutges (p>0.213).
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Figure 2·4: MIP by region, EP type, and ALDI. Error bars are stan-
dard deviation. Differences shown are those which relied on DD score.
See Figure 2·3, for differences which do not rely on DD.
Figure 2·5: MIP by region, EP type, and Thompson. Error bars are
standard deviation. Differences shown are those which relied on DD
score. See Figure 2·3, for differences which do not rely on DD.
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Figure 2·6: MIP Clipped by region and EP type, irrespective of DD.
Error bars are standard deviation.
MIP clipped
For the regional values of the clipped version of MIP, the NP was the lowest region
in both EP types (p<0.0001) irrespective of DD. The MIP clipped in the pAF was
significantly lower than that in the aAF of inferior EPs only (p=0.0436), though the
two regions did not differ from each other in the superior EPs (Figure 2·6). Clipping
the ends removed the cortex, compared to the unclipped variable, and may explain
the difference between these two measures.
The regional differences in the clipped-MIP measure depended on ALDI in the
superior EPs (p=0.0231). MIP clipped was lower in the NP than either annulus
region adjacent the less healthy discs (ALDI 1 and 2, p<0.0356), but not ALDI 0
(Figure 2·7).
The clipped version of MIP did not vary based on any other DD scoring method
(p>0.0734).
2mm-EP density
The 2mm-EP density depended on region irrespective of DD (p<0.0589, trending).
The NP region had the lowest 2mm-EP density for both EP types (p<0.0001). For
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Figure 2·7: Clipped MIP by region, EP type, and ALDI. Error bars
are standard deviation. Differences shown are those which relied on
DD score. See Figure 2·6, for differences which do not rely on DD.
Figure 2·8: 2mm-EP density by region and EP type, irrespective of
DD. Error bars are standard deviation.
the superior EPs only, the pAF had greater density than the aAF (p=0.0031, Figure
2·8).
The 2mm-EP density depended regionally on DSN in the inferior EPs (p=0.0122).
The NP density was always lower than that in the aAF, though the difference was
greater in the presence of DSN (p<0.0016). Further, the pAF was denser than the
NP only in the presence of DSN (p=0.0089, Figure 2·9).
The 2mm-EP density did not vary among regions when considering ALDI (p>0.290),
Thompson (p>0.332), or Rutges (p>0.259).
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Figure 2·9: 2mm-EP density by region, EP type, and DSN. Error
bars are standard deviation. Differences shown are those which relied
on DD score. See Figure 2·8 for differences which do not rely on DD.
2mm-EP density clipped
The clipped version of 2mm-EP density did not vary regionally irrespective of DD
(p>0.0584).
This measure depended regionally on DSN in the inferior EPs only (p=0.025). As
in the unclipped version, the NP was always less dense than the aAF, though the
difference was greater in the presence of DSN (p<0.0001). Further, the clipped-2mm-
pAF density was lower than that in the aAF only in the absence of DSN (p=0.0011)
(Figure 2·10).
The clipped 2mm-EP density did not vary among regions when considering ALDI
(p>0.146), Thompson (p>0.290), or Rutges (p>0.060).
EP + adj density
In both EP types, irrespective of DD, the NP was the lowest region of EP with adj
density (p<0.0001) and the pAF did not differ significantly from the aAF (p>0.166,
Figure 2·11).
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Figure 2·10: Clipped version of the 2mm-EP density, by region, EP
type, and DSN. Error bars are standard deviation.
There was regional dependence of the EP + adj density on ALDI in the inferior
EPs (p=0.066, trending). The NP region was less dense than the aAF when adjacent
to ALDI 0 and 2 (p<0.0001), though not ALDI 1 discs. Also the pAF was trending to
have a lower EP + adj measure than the aAF though only adjacent the least healthy
discs (p=0.0224, Figure 2·12).
When scored with DSN, in the superior EPs only, the difference between the
NP region and aAF region in EP + adj density increased with the presence of DSN
(p=0.0072).
The EP + adj density did not vary based on Thompson (p>0.0895) or Rutges
(p>0.159).
EP + adj density clipped
The clipped version of EP + adj density varied depending on the interaction of
region and DSN in the superior EPs (p=0.0649, trending). The NP was the lowest
in this measure, though only in the presence of DSN (p<0.0058).
The clipped version of EP + adj density did not vary by any other measure of DD
(p>0.2784).
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Figure 2·11: EP + adj density by region and EP type, irrespective of
DD. Error bars are standard deviation.
Figure 2·12: EP + adj density by region, EP type and ALDI. Error
bars are standard deviation. Differences shown are those which relied
on DD score. See Figure 2·11 for differences which do not rely on DD.
37
Full VB density
The full VB density did not vary by region, DD, or their interaction (p>0.177).
Pressure
Irrespective of DD, in the erect posture, the pressure in the NP was higher than
the aAF (p=0.0497). In the flexed posture, the aAF pressure was higher than the
pAF (p=0.0276, Figure 2·13).
Regional-pressure varied within-subjects for the erect-posture group based on
ALDI (p=0.0107). Specifically, the NP pressure was greater than the aAF, though
only for ALDI 0 (p=0.0234, trending, Figure 2·14).
Pressure measured under the flexed-posture varied between-subjects when grouped
by Thompson. Overall pressure in Thompson 1 was higher than Thompson 2 and 3
(p<0.0198, Figure 2·15).
Also, under the flexed posture, the regional-pressure varied depending on DSN
(p<0.0083). The aAF region had the highest pressure in the presence of DSN, but
not its absence (p<0.029, Figure 2·16). There was visual evidence of this trend in
the most degenerated discs under both the ALDI and Thompson schemes, though
the power may not have been strong enough to attain significance (Figures 2·14 and
2·15)
Pressure did not appear to depend on Rutges (p>0.0929).
Correlation of IVD pressure with bone density and GAG
There were no consistent correlations between regional pressure and density. Some
combinations of DD and region showed statistically-significant non-parametric cor-
relations between pressure and density, however these correlations did not stay con-
sistent when the definition of the transition point between regions was varied. This
sensitivity analysis had little effect on the regional analysis reported above. Figure
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Figure 2·13: Pressure by region, irrespective of DD. Error bars are
standard deviation.
Figure 2·14: Pressure by region, ALDI, and posture type. Error bars
are standard deviation. Differences shown are those which relied on
DD score. See Figure 2·13 for differences which do not rely on DD.
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Figure 2·15: Pressure by region, DSN, and posture type. Error bars
are standard deviation. Differences shown are those which relied on
DD score. See Figure 2·13 for differences which do not rely on DD.
Figure 2·16: Pressure by region, DSN, and posture type. Error bars
are standard deviation. Differences shown are those which relied on
DD score. See Figure 2·13 for differences which do not rely on DD.
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Figure 2·17: MIP vs normalized pressure in all three regions. These
plots are representative of the lack of correlation between density and
pressure.
2·17 shows the results of MIP vs normalized pressure in each region irrespective of
DD; there was no statistical significance (p>0.342). Other measures of density were
similarly inconclusive.
The comparison of NP-GAG content to IVD pressure showed that GAG was
correlated to pressure under the flexed posture only (p=0.0026, Figure 2·18).
GAG content
NP-GAG content depended on Thompson grade (p=0.0003, Wilcoxon Signed
rank) NP-GAG content was highest in Thompson 1 (p<0.0065), and Thompson 2
was higher than Thompson 3 (p<0.05, Figure 2·19A).
NP-GAG content did not vary based on ALDI (p>0.270), DSN (p>0.149), or
Rutges (p>0.438).
Water weight varied based on ALDI (p=0.0209), showing that ALDI 2 specimens
had a lower % water than ALDI 0.
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Figure 2·18: GAG vs normalized pressure under both simulated pos-
tures. GAG content is correlated to the pressure in the flexed posture
though not the erect.
Percent water did not vary based on Thompson (p>0.0604), DSN (p>0.733), or
Rutges (p>0.476).
2.4 Discussion
The relationship between the distribution of bone within a vertebra and the trans-
fer of load through the IVDs appears to be an important factor in determining the risk
of VFx [21, 22, 28, 67]. Thus investigating the relationship between the distribution
of pressure in an IVD and the relative distribution of density in the adjacent verte-
brae provides an important insight into the relationship between load transfer and
vertebral resistance to fracture. Pressure measurements in the IVD provide the clos-
est representative of EP loading available to investigators. This study has advanced
this area by investigating the distribution of density as measured in clinically avail-
able CT scans, as well as investigating both clinically and non-clinically available
DD assessment methods. A previous study investigating the relationship between
EP measurements and pressure utilized micro-CT which is not available clinically
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NP-GAG content
A B
C D
Figure 2·19: NP-GAG content per dry weight of tissue (GAG µg/mg
dw) plotted by DD (**p<0.05).
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[28], and other studies investigating the impact of DD on the distribution of pres-
sure in IVDs have used only destructive assessments [13, 48] whereas this study has
incorporated clinically available grading schemes.
This study was not able to definitively assess the extent of correlation between
IVD pressure and bone density in the vertebra. The results of non-parametric correla-
tion analysis suggest that no correlations existed between the two measures. However
it is unlikely that this is true. Homminga et al. [56] found that even in the osteo-
porotic vertebra, trabecular bone was highly adapted to daily loads. The previously
mentioned study by Zehra et al. [28] found inverse correlations between loading and
endplate porosity (a measurement of the naturally occurring pores in cortical bone,
defined as the percent-volume of pores in a given volume of bone [68]) in all three
regions of the IVD. The lack of agreement between this study and that by Zehra et al.
[28] may be explained by the width of the mid-sagittal region of interest used. The
latter study investigated a wider mid-sagittal band of bone (middle third of the ver-
tebra compared to 3mm in this study) and this larger region may be better suited to
capture the changes which occur during adaptation. This study chose 3mm with the
hypothesis that pressure would highly influence the local BMD; therefore a band was
chosen that was nearly twice as wide as the pressure transducer (1.6mm) to measure
the immediately-adjacent density with a small margin of error to allow for imperfect
positioning between the analyzed image and the true pressure transducer location.
In both studies pressure was measured with the same type of pressure transducers,
measuring pressure in a very narrow band of the disc (1.6mm width). The pressure
in this narrow band could be distributed more widely in the EP than this study
assumed, and therefore its influence on bone adaptation may be more wide spread
than was observable here.
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The results from this study suggested a link between the anterior pressure in
the flexed posture and the anterior density. The overall pressure decreased with
DD (when separated by Thompson); however the anterior pressure maintained its
relative magnitude while the posterior and nuclear pressures decreased with DD (when
separated by DSN). This suggests that as disc space decreases, more load in the
flexed posture is distributed through the minor pillar of the spine while the NP and
pAF regions become progressively unloaded. In the inferior EP the aAF appears
to increase with degeneration (Thompson) while the NP and pAF appear constant.
This apparent adaptation with DD is indicative of a progressively increasing need to
protect the anterior region from loading that is increasingly focused on the aAF. The
shift of pressure to the minor pillar agrees with the suggestion of Pollintine et al.
[13] and McNally and Adams [47] of the same nature. However, this is challenging
to confirm without accurate readings of FJ pressure as was investigated by Dunlop
et al. [69]. Absent FJ pressure readings, a correlation between DSN and FJOA (a
potential indicator of increased loading through the minor pillar) was investigated
and they were not correlated (p>.163, Chi Squared test). To assess this relationship,
a thorough investigation of the density in the posterior elements would need to be
completed.
There are two explanations for the difference in results of the various grading
schemes. First, the different schemes could be revealing separate phenomena of DD.
For example Thompson could be identifying specimens where degeneration has pro-
gressed more evenly across the IVD resulting in reduced pressure overall. DSN iden-
tifies patients where the overall disc height has been reduced. It has been suggested
that when DD originates in the annulus, such as by fissures proceeding radially, it is
associated with a severe loss of disc height [70], and radial fissures most often pro-
ceed posterio-laterally [71]. DSN could be better identifying this type of progressive
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degeneration which could explain the de-pressurization seen posteriorly in the pres-
ence of DSN though not with advancing Thompson or ALDI. ALDI scoring focuses
on the apparent degeneration of the NP from CT images. This modality is based
primarily on the quality of the observed boundary between the presumptive NP and
AF regions and the darkness (due to a lack of x-ray absorption) of the NP. A very
dark region would indicate a high-water content, which is associated with NP-GAG
content [31, 72], and therefore a healthy disc [24]. However, a high-water content may
not preclude some mineralization or other source of x-ray absorption, and therefore
a disc with high-water content may be masked by other differences within the IVD
which may not be affecting function. Therefore these discs were graded with less
well functioning discs. This may explain why the ALDI scheme an expected pattern
in the healthiest discs in the erect posture (high NP, low aAF [48]) though was not
associated with degenerative changes observed with other schemes. That the grad-
ing schemes are identifying different phenomena of degeneration is supported by the
observation that NP-GAG content, a well accepted measure of disc health [31, 52,
73], only decreased with grade in the Thompson-scoring scheme. This indicates that
the other scoring systems are missing this functional measure (Figure 2·19A). The
four grading schemes are also not in strong agreement within these specimens. To
assess the agreement of DD schemes, non-parametric-correlation analysis was used
[36]. Correlation was considered low for a Spearman’s ρ between 0.30 and 0.49, mod-
erate between 0.50 and 0.69, high between 0.70 and 0.89 and very high between 0.89
and 1.00 [74]. No two scores here correlated with a ρ greater than .578, and most
correlated below .368 if at all (Table 2.2). This low to moderate correlation further
suggests that these schemes are not identifying the same degenerative features.
The second possible reason a disagreement between the DD results exists could
be due to an insufficient number of specimens in the advanced degeneration grades
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Table 2.2: Comparison of disc degeneration assessment schemes
DD Assessment Schemes Spearman’s ρ p value
Complete Set (n=119 discs)
Thompson v ALDI 0.335 0.0002
DSN Presence v Thompson 0.313 0.0005
DSN Presence v ALDI 0.054 0.557
From Pressure Subset (n=49 discs)
ALDI v Rutges 0.300 0.0360
Thompson v Rutges 0.578 <.0001
DSN Presence v Rutges 0.368 0.0094
Table 2.3: Distribution of disc degeneration grades within pressure
subset
Scheme Score Erect Posture Flexed Posture
ALDI
0 8 9
1 8 9
2 8 10
Total 24 28
DSN 0 17 171 7 11
Total 24 28
Thompson
1 13 14
2 7 10
3 4 4
Total 24 28
Rutges
1 6 8
2 12 12
3 5 6
Total 23 26
to attain significance in the inter-regional analysis. In particular, there are a small
number of specimens with advanced degeneration as scored by Thompson (n=4, see
Table 2.3 for the distribution of grades in each scheme under each posture).
The relationship between density and pressure weakened as density was measured
deeper into the vertebra. This indicates that the influence of vertebral loading as
represented by the IVD-pressure decreases farther from the EP. This speaks to the
complexity of load distribution over an entire vertebra that IVD pressure does not
capture. Alternatively, the 3mm-wide path is not revealing them.
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There are several weaknesses of this study. First, the relatively low-resolution
scans did not allow for an accurate measurement of EP thickness. Because of this,
the 2mm EP measure is likely not an accurate representation of the EP. Assuming
a 2mm thickness had precedent [75], and was necessary to overcome the challenges
of obtaining an accurate thickness-measurement of the EP with CT. When measured
from CT images, the shell and EP appear thicker by a factor of at least two [76].
Therefore measures of the EP that rely on accurate knowledge of thickness, such as
density, should be reserved for higher resolution imaging modalities. When investi-
gating clinical scans of vertebra, the MIP representation of density should be used.
Another weakness was the low sample size in the pressure group within each tested
posture. There were 26 specimens tested, however 14 were tested in the flexed pos-
ture only and 12 in the erect posture only. If the specimens could have been tested
under both postures, the power of the regional analysis of pressure could have been
improved. Further, this study only investigated two postures, and in vivo loading of
the vertebra occurs in many dimensions which these two postures cannot reflect.
The connection between pressure and density weakened for the clipped versions of
density measures relative to their unclipped versions. The clipped density measures
only differ by the exclusion of the cortical shell, and the observation that there is more
regional homogeneity with degeneration relative to the inclusion of the cortical shell
(compare Figures 2·4 and 2·7) suggests that the cortical shell is sharing an increasing
share of the load and therefore adapting correspondingly. The cortical shell carries a
up to 40% of the load a vertebra experiences, and is likely an important factor in VFx
risk [77]. These results indicate that the shell may play an increasingly important
role with the advancement of DD.
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2.5 Conclusion
The results of this investigation suggest that there is some correlation between the
density in the EP and the pressure in the adjacent disc. However this relationship was
only observed in a specific posture. It is possible that the loading modes simulated
have not replicated the loading conditions which push bone into the overload window
and thus trigger remodeling. Future studies should consider increasing the loading
conditions simulated such as extension, increased flexion, and rotation.
Chapter 3
The Dependence of Spatial Patterns of
Vertebral Density on Disc Degeneration
3.1 Introduction
Disc degeneration (DD) is associated with back pain [1] and occurs in up to 69%
of the population over 55, with the incidence increasing with age [7]. DD may also
be a risk factor for vertebral fracture (VFx), though conflicting reports exist. Disc
space narrowing (DSN), one feature of DD, has been shown to be a risk factor for
and also potentially protective against VFx [11, 12]. Vertebral fracture (VFx) affects
12–25% of the population above the age of 50 [5, 6], and the burden to society of this
condition of the aging spine is expected to increase as the elderly population grows
[8]. However, the current clinical method of identifying those at risk of VFx utilizes
average measures of bone mineral density (BMD) and has been shown to be able to
predict those who will fracture only about 50% of the time [10]. Average measures
of BMD do not reveal any information about the heterogeneity in the spatial dis-
tribution of BMD [55] which may be contributing to the poor predictive capability
of average BMD [18, 78, 79]. Quantitative representations of the heterogeneity in
the distribution of BMD within the vertebra have been associated with DD [24], and
loss of bone in the anterior region associated with DD resulted in reduced vertebral
failure load when load was concentrated in the weakened region [80]. This relation-
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ship between the spatial distribution of BMD and DD has yet to be expanded to a
population-based study to explore how widespread this dependence is.
Specific regions of the vertebra are known to have particularly high or low BMD.
The posterior region of trabecular bone has higher BMD than the anterior and lateral
regions [55, 58]. The region of highest BMD is the inferior posterior region, and the
regions of lowest density are the superior lateral regions [55]. Further, the central
region in the axial and sagittal directions both have BMD that is lower than the
adjacent [78]. The ratio of anterior to posterior BMD contributes to the strength of
vertebrae [18], and a lower ratio between these two regions may be associated with
increased risk of VFx [81]. Changes in the spatial distribution of regional BMD have
been linked to DD. The ratio of strength in the central to outer regions of trabecular
bone decreased significantly with DD [82] and strength was also highly correlated to
local chemical properties of the disc [20]. Computer models have suggested that DD-
mediated changes in loading may contribute to these alterations [21, 67]. Alterations
to the spatial distribution have been associated with aging as well. For example, the
ratio of anterior to posterior BMD decreased with age [19], and more bone was lost
from the regions nearer the endplates than from regions farther [83].
The identification of specific ratios of regional density that are correlated to
strength contributes to the understanding of some of the shortcomings of average
BMD’s predictive power. The observation that specific regions of the vertebra have
typically high or low density is suggestive of bone remodeling that is responding to
typical load bearing patterns. Early evidence investigating characteristic patterns of
the spatial distribution of BMD have suggested that DD, as represented by DSN, may
be playing a role in how well matched the distribution of BMD is to the distribution
of load the vertebra experiences [24]. Therefore this investigation sought to expand
on these findings to investigate the relationship between the distribution of BMD in
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the vertebra and DD in a population-based study. The specific objectives were: 1)
to identify characteristic, spatial patterns of vertebral density; and 2) to assess the
dependency of these patterns on disc degeneration.
3.2 Methods
This was a cross-sectional, population-based study. A random sample of 377
age and sex-stratified, non-related patients were chosen from the Framingham Heart
Study cohort (age: 41–83 years; mean ± stdev: 61.7 ± 9.1 years; 181 males, 196
females). With the use of a custom, Matlab based, image-processing script, mea-
sures of heterogeneity in BMD were collected along with the integral density of the
entire vertebral body (In.BMD) (evaluations completed by Brett Allaire). Briefly,
the measures of heterogeneity were collected from the volumetric BMD (vBMD) of
approximately 5mm cubes which were placed to fill the entire trabecular centrum of
the L3 vertebra (Figure 3·1) from 3D reconstructions of computed tomography (CT)
scans (voxel size of 0.6836 x 0.6836 x 2.50mm). Heterogeneity in BMD was repre-
sented by the interquartile range (IQR) and quartile coefficient of variation (QCV)
of vBMD. The IQR was calculated with
IQR = Q3 −Q1 (3.1)
and the QCV is calculated with:
IQR =
Q3 −Q1
Q3 +Q1
(3.2)
where Q1 and Q3 are the 1st and 3rd quartiles of the cube vBMD values. A number
of descriptive variables and co-variates were collected for these patients at the time
of scan including:
 Sex
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 Age
 Body weight
 Body height
 Smoking status: never, former, current
 Pack years: (packs smoked per day) x (years a smoker)
 Post-menopausal (PMP, more than one year)
 Estrogen use
 Physical activity index
 Body mass index (BMI)
 Total alcohol consumption (oz/week)
 History of VFx (as indicated from medical history file)
 Use of osteoporosis medication
Figure 3·1: A sample cube map from the semi-automated script.
From CT scout views (akin to lateral radiographs) the L2-L3 and L3-L4 discs
(those immediately superior and inferior to the vertebra of interest) were assessed for
evidence of DD. Discs were assessed on a semi-quantitative scale for evidence of DSN
on a scale of 0 (none) to 3 (severe) [41] (Figure 1·9). Discs were also assessed for
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regional disc height (DH) on a quantitative scale that directly measured the anterior,
central, and posterior heights of the intervertebral-disc space using the “midline”
method [84] (collected by Brett Allaire). Briefly, landmarks representing the anterior,
posterior and central most point on two adjacent EPs were identified and a connecting
line was drawn between the anterior and posterior most points. These were connected
through their midpoints with the “midline”. The shortest distance to the “midline”
defined the respective DH (Figure 3·2).
Spinal health was also described from the CT scans in terms of the presence of
facet joint osteoarthritis (FJOA) in the superior and inferior facet joints (FJs); the left
and right FJs were evaluated independently [40] (Figure 1·8, evaluations completed
by Dr. Ali Guermazi).
A B C D
Figure 3·2: Disc height measurements using the “midline” method.
A: Connect posterior and anterior points of adjacent endplates. B:
Find disc “midline” by connecting midpoints of lines found in previous
step. C: Find shortest distance between each point and the “midline”.
Add heights from both posterior points to find posterior disc height,
etc. D: “Midline” disc height on a lateral radiograph. (Image and
caption courtesy of Brett Allaire.)
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3.2.1 Semi-automated cube-mapping script
To assess the distribution of density within the trabecular centrum, 4.79mm cubes
(chosen to be as close to 5mm as possible with the given resolution) were placed within
the trabecular centrum (cube map) and for each cube the vBMD was calculated.
Previous measurements of heterogeneity have relied on placing these cubes manually
[24]. This was a time consuming process that limited the potential sample size, and
exhibited a relatively low inter-user reliability in the measurement of IQR (interclass
correlation coefficient (ICC) = 0.710). In an attempt to improve the processing time
and reliability, a semi-automated script was developed within Matlab (built off prior
work from Alexander Adams) to create cube maps that placed a maximal number of
cubes, and required a minimum of user intervention. Patient CT scans were processed
as follows:
1. Vertebra was aligned in the sagittal plane: Aligning vertebra in the sagit-
tal plane often allowed for the inclusion of more data, as well as standardizing
the regions which were analyzed by ensuring that transverse layers were nearly
parallel to the EPs (Figure 3·3). In order to rotate the image stacks in the
out of plane direction without distortion, the stack was interpolated such that
isotropic voxels were achieved (0.6836 mm3). All rotations and interpolations
were completed using the bi-cubic method [59, 60].
2. The region of interest (ROI) was determined: The user identified trans-
verse slices that included entirely trabecular bone as well as slices where no
more than half the trabecular region was occupied by EP. The intrusion of the
EP into the trabecular region indicated that the superior and inferior EP were
either not parallel to each other, or that the vertebra was not aligned in the
coronal plane (Figure 3·4), alignment in the coronal plane was not adjusted.
These partial EP slices could be included in the analysis if they contributed to
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Figure 3·3: Increasing data points by aligning vertebra in the sagittal
plane. (Left) Pre-sagittal alignment, resulting in three layers of cube
maps. (Center) User placed points, used to define the shape and apriori
alignment. (Right) Post-sagittal alignment, resulting in four layers of
cube maps.
the inclusion of an entire extra layer of cubes. A vertically centered, maximal
number of layers at 4.79mm thick were automatically placed within that ROI.
Figure 3·4: Example of an EP protruding into the slice. The black
ellipse is identifying an EP that occupies less than half of the trabecular
area and could be included in analysis if its inclusion would add another
layer of cubes.
3. Vertebra was aligned in the axial plane: Aligning the vertebra in the
axial plane allowed for the placement of more cubes (Figure 3·5) and for the
standardization of the anatomical regions described below.
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Figure 3·5: Increasing data points by aligning vertebra in the axial
plane. Cube map placed on an unaligned vertebra (left), and an aligned
vertebra (right). Note an increase of one cube in the map on the right.
4. Separate cortical shell from trabecular compartment: Using edge detec-
tion algorithms, the script attempted to define the boundary between the cor-
tical and trabecular compartments. Edge detection is a built-in function in
Matlab, and the chosen technique was the ‘Canny’ method [85]. This method
provides an upper and a lower threshold to increase the detection of strong as
well as weak edges. Edges are defined as local maxima in the Gaussian filtered
gradient of the image (Matlab help file). The detected edges were projected
onto the image to allow for threshold adjustment or the use of drawing tools
to correct the resulting contour. Adjusting the thresholds could filter out noise
(erroneous edges) and reduce the need for user intervention (Figure 3·6).
5. Anatomical regions defined: The vertebra was split into nine regions, and
layers were tagged as superior, mid-transverse, or inferior (Figure 3·7). This
division resulted in 27 sub-regions (Figure 3·8). Cubes were tagged for their
location within for use in describing spatial distribution of density.
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A Preliminary threshold, automatically
determined.
B User increases thresholds until good
contour is lost, circled in image.
C User decrease threshold gradually to
regain desired information, until
erroneous edges are detected, indicated
with circles.
D User adjusts contour with drawing
tools to manually erase protrusions, and
fill gaps, indicated with circles.
Figure 3·6: Adjusting thresholds to improve automatic detection of
the contour defining the trabecular and cortical compartments, requir-
ing minimal user intervention.
3.2.2 Determining the spatial distribution of BMD
To quantify the spatial distribution of BMD within the trabecular centrum, nine
named regions were created by combining sub-regions; these named regions were:
Anterior (A), Posterior (P), Superior (S), Mid-Transverse (T), Inferior (I), Medial
(M), Lateral (L), Central (C) and Outer (O). The median cube vBMD value within the
named regions was determined and five ratios were calculated; they were: A/P, S/T,
I/T, M/L, and C/O (Figure 3·8). Patients with similar density ratios were grouped
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Figure 3·7: Trabecular compartment being split into anatomic
regions. Layers were tagged as superior, mid-transverse, or inferior,
and each layer was split into nine regions.
together using a clustering algorithm (JMP 11.2, SAS Institute Inc., Cary, NC).
The chosen method of clustering was the hierarchical method. This is an iterative
process, wherein every patient begins in their unique cluster. At every iteration the
two closest clusters, defined by the Euclidean distance between the means of their
ratios normalized by the number of specimens within each cluster (Ward’s method)
were combined. This process continues iteratively until all clusters have been merged
into one. The stopping point has been defined as the point where the distance bridged
in the next merging jumps, as well as using a subjective inspection of the resulting
clusters. The bridged distance jumped at two points, from 10 to 9 clusters, and from
8 to 7 clusters. This indicates both 10 and 8 are potential final cluster assignments
(Figure 3·9). The results are plotted in parallel coordinate plots wherein each patient
is represented as a line with the vertical axis the value of each ratio; each cluster is
plotted separately (Figure 3·10). A final assignment of 8 clusters was chosen after
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Figure 3·8: Trabecular compartment split into 27 anatomic sub-
regions. See Figure 3·7 for the determination of the sub-regions. Cubes
were tagged for their location within these 27 sub-regions.
the observation that clusters 3 and 4 from the ten clusters had merged into cluster
3 of the eight. These two were subjectively similar in that they had relatively low
I/T and S/T ratios, and relatively high ratios of C/O. The literature suggests that
these are hallmarks of healthier discs [82, 83], and therefore it seemed preferable to
investigate these patients together.
These clusters include 365 of the 377 patients. Eight patients were excluded due
to being too small to have a mid-transverse layer, and therefore did not have either
an S/T nor I/T ratio. Four more patients were excluded as outliers who consistently
were clustered as singletons.
3.2.3 Statistical analysis
To determine if clusters differed by the descriptive variables, co-variates, or calcu-
lated measures of density, different statistical techniques were used depending on the
nature of the variable. For all categorical variables, such as DD or fracture history,
a Pearson’s Chi Squared test was used to determine the likelihood that any category
deviated from the expected distribution. To address the source of a significant result
(p<0.05), an adjusted residual was calculated for each cell in the contingency table
[86]. The adjusted residual was considered significant if its absolute value was greater
than 1.96 (p<0.05). Due to the difference in sample sizes (n in each cluster) a Welch’s
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Figure 3·9: Euclidean distance bridged between cluster mergings.
Note jump in distance between 10 and 9, as well as between 8 and
7, as indicated by the arrows.
ANOVA was calculated to assess the difference in the means of continuous variables
such as age and height. The post-hoc test was an all pairs Tukey-Kramer test. IQR,
QCV, In.BMD, BMI, and all regional measures of DH were classified as categorical
data by assigning patients with measures in the lowest quartile as low, in the middle
two quartiles as average, and in the highest quartile as high [24]. Due to the relatively
low numbers of patients with severe or moderated DSN, this measure of DD was bina-
rized into the presence or absence thereof. FJOA was assessed independently for the
left and the right FJs, however the ratios of density described in this investigation do
not differentiate from left to right, therefore the scores for FJOA left and right were
combined. As in DSN the distribution of scores was weighted towards none or mild
FJOA, therefore the cumulative scores were classified as FJOA absent with a score
of 0 or 1, and present with a score of 2–6.
3.3 Results
The number of patients in each cluster is shown in Table 3.1. The distributions
of all variables are included in Tables 3.2, 3.3, 3.4, and 3.5.
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A
B
Figure 3·10: Comparing two potential cluster assignments. Note that
from A to B, clusters 3 and 4 have merged into 3, and clusters 6 and
7 have merged into 5.
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Table 3.1: Number of patients in each cluster
Patients in cluster
1 44
2 87
3 48
4 20
5 90
6 59
7 6
8 11
Clusters did not differ from one another in the proportion of male vs female
subjects (p=0.54). Neither did the clusters vary with regards to weight (p=0.327),
height (p=0.068), smoking status (p=0.908), pack-years (p=0.0626), estrogen use
(p=0.173), physical activity (p=0.169), alcohol consumption (p>0.260), VFx history
(p=0.078), or the use of osteoporosis medication (p=0.536).
The distribution of patient age varied within the clusters (p=0.0002). Cluster 8
had the highest mean age, which was significantly higher than the ages in cluster 2,
5 and 6 (p<0.0565). Cluster 3 was significantly older than 5 and 6 (p<0.0174), and
cluster 1 was older than cluster 5 which had the youngest mean age (p=0.0493).
The clusters varied with regards to female patients who were PMP (p=0.0165).
Cluster 5 had a smaller proportion of PMP women (p<0.001), age may be contributing
to this observation.
The clusters differed with regard to patient BMI (p=0.0002). Cluster 1 had more
patients than expected with high BMI. Cluster 3 had fewer patients than expected
with low, and more than expected with average BMI. Cluster 4 had more patients
than expected with low, and fewer than expected with average BMI. Cluster 5 had
fewer than expected with high BMI, and cluster 7 had more than expected with low
BMI.
The clusters differed with regard to In.BMD (p=0.0081). Clusters 3 and 4 have
more than expected with low In.BMD and cluster 6 has fewer than expected with
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low In.BMD. Further, cluster 2 has more than expected with average In.BMD and
cluster 3 has fewer than expected with average In.BMD (Table 3.4).
The clusters differed with regards to measures of heterogeneity, both QCV as well
as IQR (p<0.0001). Clusters 2 and 6 had a larger proportion of patients than expected
with low QCV, and smaller than expected with high QCV (p<0.05). Clusters 3 and
4 had the reverse, with smaller than expected proportion with low QCV and larger
than expected with high QCV (p<0.05). Clusters 7 and 8 had a larger than expected
proportion of high QCV (p<0.05). In regards to IQR, clusters 2, 3, and 7 reflect the
same distribution of patients as QCV. Cluster 4 had a larger proportion of patients
with higher IQR than expected (p<0.05).
Clusters varied by the presence of DSN, though only in the superior (L2-L3) disc
(p=0.0372). Specifically, cluster 5 had a smaller than expected proportion with DSN,
and larger than expected without (p<0.05).
The regional measures of DH from the superior disc did not vary among the
clusters (p>0.192) though they did in the inferior disc in all three regions (anterior:
p=0.0041, middle: p=0.0303, posterior: p<0.0001). Cluster 1 had a smaller pro-
portion of patients than expected with high DH in the posterior. Cluster 2 had a
smaller proportion with low DH and a larger proportion with high DH in the middle
region, as well as a smaller proportion with low posterior DH. Cluster 3 had a larger
proportion of patients with high anterior DH, was trending to have larger proportion
with low DH posteriorly (p=0.0548), and smaller proportion with average DH poste-
riorly. Cluster 4 had a smaller proportion of patients with high DH anteriorly, larger
with low DH in the middle, and in the posterior had a larger proportion with a low
DH and smaller with average (this group appears overall to have low DH). Cluster
6 had a larger proportion of patients with low anterior DH, and smaller proportion
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A B
C
Figure 3·11: Mosaic plots illustrating how clusters differ based on het-
erogeneity and In.BMD. The vertical axis is the proportion of patients
in each category within a cluster; the colors represent the categories
(low in blue, average in pale red, high in dark red). The horizontal
axis is each cluster, 1-8, and the width of each column is scaled to the
number of patients in that cluster. To the right of each plot is the pro-
portion of patients in each category for the entire cohort. A significant
finding indicates that a particular category has a larger or smaller than
expected proportion of patients relative to the overall. *:Larger than
expected (p<0.05); **:Smaller than expected (p<0.05); **: Zero in
category, smaller than expected (p<0.05).
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with average anterior DH. Cluster 8 had smaller proportion than expected with high
anterior and middle, and larger than expected average anterior and middle DH (all
preceding statements have p<0.05, unless indicated).
A B
C
Figure 3·12: Mosaic plots illustrating how clusters differ based on disc
height. *:Larger than expected (p<0.05); **:Smaller than expected
(p<0.05); **: Zero in category, smaller than expected (p<0.05);
**:Smaller than expected (p=0.0548); *: Larger than expected
(p=0.0536).
The clusters differed in regards to FJOA in the inferior FJs (p=0.0437) though not
the superior (p=0.631). Specifically, cluster 1 had a smaller than expected proportion
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without and larger than expected with FJOA (p<0.05). Cluster 7 showed the opposite
trend, having a larger proportion of patients than expected without and smaller
proportion with FJOA (p<.05).
Figure 3·13: Mosaic plots representing how clusters differ based on
facet joint osteoarthritis. *:Larger than expected (p<0.05); **:Smaller
than expected (p<0.05).
3.4 Discussion
Grouping patients by their distribution of density ratios revealed eight charac-
teristic patterns of density distribution (Figure 3·10B shows the parallel coordinate
plots and Figure 3·14 shows the mean and standard deviation). Among these patterns
patients varied by age, DD, PMP status, BMI, heterogeneity, In.BMD, regional DHs,
and FJOA.
All groups in this analysis had C/O and M/L ratios that tracked very closely.
This suggests that one of these measures may be superfluous, and could be removed
from future investigations.
A number of the identified clusters exhibited ratios of BMD that are suggestive
of adaptation in response to changes in DH in the inferior disc. Clusters 3 and 4
both had more than expected patients with low posterior DH, and both had low
A/P ratios, indicating a posterior shift in density. This is suggestive of a negative
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Figure 3·14: Mean and standard deviation of each cluster, plotted in
same manner as Figure 3·10.
correlation between DH and density in the posterior region. The loading pattern
associated with a reduced posterior DH may be transferring more load in this region,
increasing the density there. This negative relationship may be a phenomenon of the
annular region. Cluster 6 had a greater than expected proportion of patients with
a low anterior DH, and also a relatively high A/P ratio. This indicates an anterior
shift in density.
In the middle region there appears to be a positive relationship between DH and
density. This is supported by clusters 2 and 4. Cluster 2 had a relatively high C/O
ratio, and a greater than expected number of patients with high middle disc height.
Inversely, cluster 4 had a low C/O ratio and more than expected with low middle
DH. This positive relationship between central DH and density is supported by the
observations of Keller et al. [20] suggesting a healthier disc exerts more pressure in
the nuclear region on the adjacent bone resulting in increased strength. This may be
related to how the healthy nucleus transfers load as a pressurized sac.
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Clusters 2, 3, 4, and 6 appear to have distributions of density that are associated
with DH in the adjacent disc. This suggests a well-adapted relationship between the
loading experienced by the vertebra and its distribution of density. However, not all
density ratios can be explained by the adjacent DH. Most notable are clusters 5, 7
and 8. Clusters 5 and 8 had distinctly low or high A/P ratios, and cluster 7 had both
a high A/P and low C/O ratio, none of which were associated with DH changes. This
suggests a potential maladaptation between the vertebral bone and the condition of
the adjacent disc. Indicating that these patients may be at greater risk of fracture.
There are some other interesting observations about the results of these clusters.
Cluster 1 was characterized by all ratios being relatively low. This cluster also had
more patients than expected with inferior FJOA, and fewer than expected with high
posterior and middle disc DHs in the inferior disc. High incidence of FJOA suggests
that loading has shifted into the minor pillar causing damage to the posterior ele-
ments. Interestingly, only clusters 1 and 6 had A/P and C/O ratios that were similar
similar to each other, indicating an even shifting of density to the peripheries. Other
groups, such as 2, 3, 4 and 5 had an A/P ratio that was much lower than the C/O
indicating a shift to the peripheries that is highly weighted towards the posterior of
the vertebra. It is not clear how DH and FJOA are interacting by this analysis.
To shed light on the interaction of DH and FJOA, a follow-up analysis was per-
formed using a t-test comparing the means of regional DH (the continuous, non-
categorized version) by FJOA with all patients pooled (n=377). This test suggested
that lower DH is associated with the presence of FJOA. In every region the inferior
DH (L3/L4 disc) was reduced in the presence of FJOA in the inferior FJs. The supe-
rior disc (L2/L3 disc) showed an association between reduced posterior DH and the
presence of FJOA in the respective FJs (p=0.0164); the middle region was also trend-
ing lower in the presence of FJOA (p=0.0528). These results suggest that reductions
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in DH shift the load to the posterior elements as has been suggested with evidence
of DD previously [87] reducing joint space in the respective FJ. Interestingly this
was seen more prominently in the lower disc, suggesting an influence on load sharing
between the spinal pillars by the position in the lumbar spine.
Figure 3·15: Box and whisker plots showing regional DH in the supe-
rior or L2/L3 disc (left) and the inferior or L3/L4 disc (right), in the
absence (grey) and presence (white) of FJOA.
Cluster 3 was characterized by low A/P, relatively high C/O, low I/T, and low
S/T. Except for the A/P ratio, this spatial distribution is indicative of relative disc
health [82, 83]. This group also had low In.BMD which has been traditionally asso-
ciated with fracture risk; however this group also had high heterogeneity (both IQR
and QCV) which has been associated with vertebral strength [24]. Cluster 4 similarly
had low In.BMD, and high heterogeneity (as measured by QCV). This combination
suggests a compensatory adaptation wherein heterogeneity is increased to compensate
for low In.BMD.
Cluster 6 is relatively young, and has lower heterogeneity as measured by QCV.
The spatial distribution in this cluster is characterized by all ratios being near 1.
There is some evidence of DD in the form of lower anterior DH. This cluster reflects
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perhaps a healthier disc and vertebra, low heterogeneity, high In.BMD, little evidence
of DD, and an even distribution of density.
Cluster 7 is composed of the fewest patients (n=6, Table 3.1), which may explain
the large stdev of each ratio. This group has the most distinct pattern of spatial
distribution with a high A/P and low C/O. Alone these would be evidence of a healthy
disc; however, this cluster is also characterized by high I/T and S/T ratios which
previous investigations have suggested are associated with age [83], though this group
is neither particularly old nor young (Table 3.2). This cluster showed higher than
expected proportions of patients without FJOA, though showed no other significance
in the analysis of co-variates or density included in this study and therefore warrants
further investigation of the individuals that are in it.
Cluster 8 is composed of few patients (n=11) as well; however, all evidence points
to a healthy disc. This group, along with cluster 3 is among the oldest in the study,
and interestingly, both have some of the least evidence of DD. Comparing the shape
of these two groups subjectively (clusters 3 and 8), shows that they are similar in
all ratios but A/P. This suggests that these are two distinct patterns of the healthy,
aged disc.
A strength of this study was the sample size. The use of the semi-automatic cube
mapping method allowed for the analysis of a much larger population than would have
been possible previously. This method also improved the inter-user reliability from
0.710 with the manual method, to 0.934 (for a validation group of n=10 patients). A
weakness of this study was missing information about lordotic angle. The inclusion
of this piece of evidence could have helped describe the differences in the loading
conditions each group experienced on a daily basis. In particular this piece of evidence
could contribute to explaining the difference between clusters 4 and 8. A decreased
lordotic curve (a flatter low back) predisposes the lumbar spine to larger anterior loads
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under flexed postures [57]. A second weakness of this study was the investigation of a
generally older group. The youngest patient was 41 years old, though only 27 of the
377 were younger than the age of 50. The inclusion of younger patients could help
identify trends that occur with age.
Another weakness of study was with regards to the use of cubes of fixed size
as a representation of the trabecular centrum. Over the manual method, the semi-
automated method included many more data points (Figures 3·3, 3·5, and 3·16) and
allowed for the analysis of a larger portion of the trabecular region. However, there
were still circumstances where data was not able to be evaluated. For example, around
the periphery of cube maps there was often less than 5mm between the outer-most
cubes and the cortical shell where no information was collected (Figure 3·16). Further,
layers of cubes in this study were 4.79mm tall, resulting in the inclusion of between
three and four layers typically within the trabecular centrum, which were intentionally
centered vertically. This technique allowed for there to be as much as 4.79mm divided
by two between the upper and lower most layers and the EPs, identifying data that
is relatively far from the EPs as being adjacent to them (namely the superior and
inferior layers). Alternative methods of analyzing the regional heterogeneity exist
[88, 89], wherein vertebrae are meshed and morphed to an identical anatomic shape.
This has the benefit of being able to directly compare node to node from vertebra to
vertebra. Intra-individual variability of trabecular bone was defined in these studies
within 4mm spheres centered at every node. One downside to this method is error
in positioning resulting from the morphing process [89]. As in the present study, the
morphing method also has problems around the periphery, where 4mm spheres would
not fit within the trabecular region. These peripheral spheres result in data that is
unreliable [88].
A final weakness is the subjective nature of the clustering process. Mathematical
76
stopping criterion exist such as the pseudo-f test [90], and the cubic clustering criterion
[91] among others. However, there is little consensus on which criterion to use, and
the correct criterion to use is highly data dependent and a subjective perspective must
be included based on the investigators prior knowledge of the dataset [92]. The use
of the previously mentioned criterion failed in this study. All the criterion suggested
that this dataset was either not clusterable or should be clustered into two groups
which this investigator interpreted as inappropriate. It is possible that unidentified
outliers have skewed the cluster means and thus the criterion. The lack of clarity in
a clustering stopping point suggests that the chosen number of clusters could have
been incorrect and that, as was previously discussed, the mergings between 10 and
8 clusters have actually hidden a characteristic pattern instead of merging similar
patterns.
3.5 Conclusion
The results of this study suggest that characteristic patterns of spatial distribution
do exist, and that there is association between those patterns and the effects of
degeneration. The associations between density and DHs suggest that the distribution
of bone within the vertebra has been altered in response to alterations in loading.
The lack of correspondence between DH and density ratios in other clusters suggest
either maladaptation between loading and density, or alterations unexplained by the
co-variates collected in this study.
Several of these clusters raise more questions than answers. For example, cluster
7 is a rare, but unique pattern of spatial distribution that this investigation was
unable to associate any co-variates with. This cluster could indicate an anomaly
with the analysis method (related to the limitations previously discussed), or it could
indicate an aging pathway that could only be identified with a more invasive or
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Figure 3·16: Comparison of the same patient, analyzed with the man-
ual method (left) and the semi-automated method (right). Rows are
three layers within the patient. Note, by creating cube-maps inde-
pendently in each layer, and defining the boundary of the trabecular
centrum, the semi-automated method could fill cubes to the edge of
the trabecular centrum more effectively, and better define the centrum.
Also note that, though they fewer than on the left, there are small
regions around the periphery of the cube maps on the right that are
not included in the heterogeneity analysis.
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expensive (such as MRI based) measure of DD. Another interesting question is raised
by the similarities in ratios between clusters 3 and 8 and their disparity specifically
in A/P ratio. These clusters indicate that there exists a hierarchy within the spatial
distributions of density within this population that is not revealed by this clustering
process. A future investigation could for example attempt to cluster patients based
on ratios that have been previously connected to specific pathways of DD, such as
first by the ratio of density near to and far from the endplate. Then this investigation
could progressively probe sub-groups within over-arching groups, hopefully better
explaining the degenerative or aging pathways that are different between these groups.
Chapter 4
Conclusions
This thesis approached the investigation of how vertebral loading is related to the
distribution of vertebral density from two approaches informed by the perspectives of
spine biomechanics and the theories of bone remodeling. The first approach assessed
the function of the IVD directly with measurements of IVD pressure as a represen-
tation of vertebral loading. The distribution of pressure and its dependence on DD
was analyzed, and a parallel analysis of the distribution of density within a narrow
region of vertebrae in the lower thoracic spine was completed. The resulting analysis
suggested a relationship between pressure and density in the EP in specific postures.
The second approach was a population-based study that investigated the distribu-
tion of trabecular bone within the entire L3 vertebra. DD was assessed by clinically
available techniques based on CT scans and lateral radiographs. The results of this
investigation suggested that there are characteristic patterns of density distributions
and these patterns have some relationship to DD and the heterogeneity in density.
These two investigations independently suggest a relationship between the distri-
bution of density and the functional properties of the adjacent disc. The first study
found the anterior-annulus pressure in the flexed posture is influencing the anterior-
EP density, though found little relationship in the erect posture. The second study
suggests that different patterns of degeneration, including FJOA and regional DHs,
are collectively influencing how a vertebra remodels in some groups. Other groups
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did not show any evident influence from the patterns of degeneration that were inves-
tigated here, suggesting a possible maladaptation or a need for further investigation.
These studies are complementary to each other as well. The insight in Aim 1 that
suggested the cortical shell plays an increasing role in load sharing with advancing
DD may be helpful in explaining some of the phenomena seen in Aim 2. For example
cluster 4 exhibited high heterogeneity, relatively low C/O, and high I/T. These ratios
suggest that the trabecular bone has been lost in the core of the trabecular centrum
and gained towards the peripheries. At the edges of the trabecular centrum, trabecu-
lar bone may be able to better buttress the cortical shell in support of the increasing
load the shell may have to support with aging and DD as the loading patterns change.
4.1 Clinical Implications
The results from Aim 2 suggest that the spatial distribution of bone density, and
its relationship to DD may provide insights to the clinician assessing VFx risk. If the
relationships between density and DD can be affirmed by relationships to VFx risk
or vertebral strength in future studies, then a clinician could assess DD and density
distribution and more confidently identify those at high-risk of VFx.
4.2 Future Investigations
The results of this study suggest the direction of future investigations into the
relationship between the load sharing properties of the vertebra and disc as a unit. A
major limitation of this study is its cross-sectional nature. A longitudinal study could
contribute to the understanding of the origin of changes in the vertebra-disc unit. This
study also suggested that various DD assessment schemes are not classifying the same
functional properties of a degenerating or healthy IVD. Future studies could continue
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to expand on the understanding of what functional properties DD assessment schemes
are capable of identifying.
The cluster analysis in Aim 2 showed promise in identifying patients at increased
risk of VFx. Future investigations could refine this method and advance the potential
for clinical applications. These results only suggested associations between A/P and
C/O ratios to DD assessed by DH. Future investigations could include these two ratios
along with measures of DD as the clustering variables. This could better answer the
question of whether or not the distribution of density is associated with a clinically
available assessment of the disc. This proposed study could be followed up by two
investigations: an analysis of the strength of L3 vertebrae could be completed (or
analyzed retrospectively); then specimens could be analyzed for A/P and C/O ratios,
as well as DD to confirm the clustering assignments. A second analysis could be
a longitudinal study of the patients assessed in Aim 2 to identify if any particular
cluster had a greater incidence of VFx.
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